While several techniques exist for assessing quantitative differences among proteomes representing different cell states, methods for assessing how these differences are mediated are largely missing. We present a method that allows one to differentiate between cellular processes, such as protein synthesis, degradation and PTMs which affect protein concentrations. An induced systemic perturbation of a cell culture was coupled to a replacement of the growth medium to one highly enriched in the stable isotope 15 N. The relative abundance of the 15 N-and 14 N-enriched forms of proteins, isolated from cell cultures harvested at time points following the onset of the perturbation, were determined by MS. Alterations in protein synthesis and degradation were quantified by comparing proteins isolated from perturbed and unperturbed cultures, respectively. The method was evaluated by subjecting HeLa cells to heat stress. As expected, a number of known heat shock proteins (Hsp) increased in concentration during heat stress. For Hsp27, increased de novo synthesis accounted for the concentration increase, while for Hsp70, decreased degradation accounted for the increase. A protein that was detected only after prolonged heat stress, vimentin, was not primarily synthesized de novo, but appeared rather as a result of PTM.
Introduction
In the last few years, the focus of proteomics has widened from being a research field mainly restricted to cataloguing proteins in cell and tissue types, to one encompassing also the measurement of protein quantity. Reflecting this change is the emergence of new analytical methods for protein quantification. In MS -a key technique in proteome research -the use of stable isotope labeling plays an important role in this development.
For MS quantification, the analyte signal intensity must be related to that of a reference compound of defined concentration. However, differences in the chemical structure between the analyte and the reference compound can lead to different yields during the sample preparation as well as different ionization efficiencies, both of which may result in large errors. The analyte molecule itself, enriched in the stable isotope 13 C or 15 N, is the ideal reference compound: one that is chemically equivalent to the analyte, but has a distinguishable molecular mass. In proteomics, several analytical strategies have been described using stable isotope-incorporated internal reference compounds (for reviews, see [1, 2] ).
Oda and coworkers [3] reported on a method for relative quantification of proteins in two separate yeast cultures. One culture was grown in a medium highly enriched in 15 N, resulting in metabolic incorporation of the stable isotope into all proteins, while the other culture was grown in a medium with the natural relative abundance of the 14 N isotope (99.6%). Protein extracts from the two cell cultures were mixed and, after protein separation and proteolytic digestion, analyzed by MS. Based on the signal intensity ratios of the 15 N-and 14 N-incorporated tryptic peptides, the relative abundance of each analyzed protein could be determined with high precision.
Pratt and coworkers [4] reported on a different strategy. Instead of comparing protein abundance in two separate cell populations, a single cell culture was studied, which at a defined time point was subjected to a replacement of the growth medium to one of different stable isotope composition. Thus, proteins synthesized after the medium replacement could be quantitatively distinguished from those already existing. By analyzing proteins isolated at defined time points, this method enabled accurate determination of protein turnover rates. In a similar approach, Cargile et al. [5] The analytical strategy reported here extends the use of metabolic stable isotope labeling. By coupling the detection of changes in protein synthesis and degradation to an induced systemic perturbation, a link to protein function is established. HeLa cell cultures were subjected to a systemic perturbation, concomitantly with a growth medium replacement to a medium enriched in 15 N. Heat stress was chosen as an example, because the response to this systemic perturbation is well documented and is known to induce significant changes in protein expression [6] . Up-and down-regulation of proteins in cells depend on many different factors, including the rate of synthesis and degradation, post-translational processing as well as subcellular localization. The method described here allows one to distinguish between different processes that affect protein concentrations in response to an induced systemic perturbation.
Materials and methods

Chemicals
Urea, ethanol, and methanol were purchased from Merck (Darmstadt, Germany). ACN was obtained from Roth (Karlsruhe, Germany). Bromophenol blue and acrylamide were purchased from Bio-Rad (Munich, Germany). TFA, noctylglucopyranoside (nOGP), glycerol, and water were obtained from Fluka (Seelze, Germany). SDS was purchased from Serva (Heidelberg, Germany). Recombinant trypsin from Pichia pastoris and Complete ™ protease inhibitor cocktail were obtained from Roche (Mannheim, Germany). DTT, CHAPS, Tris, thiourea, iodoacetamide, CHCA, and BSA were purchased from Sigma (Seelze, Germany). The peptide calibration standards, angiotensin I and ACTH 18-39 were from Bachem (Heidelberg, Germany).
Cell growth conditions and heat stress treatment
Three parallel sets, plus one single culture serving as the control for the whole experiment, each consisting of five separate cultures of HeLa cells, were grown for 2 days in 5 cm petri dishes in Celtone M medium (Spectra Stable Isotopes, Columbia, MD, USA) with the natural relative abundance of 14 N and 15 N, supplemented with 10% fetal calf serum (FCS; Biochrom, Berlin, Germany). The incubator was set to 5% CO 2 and 95% humidity at 377C. Upon semiconfluence, the control medium was exchanged for a medium enriched in 15 N (.98%) for two of the cell culture sets. In the third set of cell cultures the medium was replaced with the control medium used before. The time point for the medium replacement is referred to as t 0 . Concomitantly with the medium replacement, one of the cell culture sets growing in the 15 N-enriched medium and the cell culture set still growing in control medium were subjected to 30 min heat stress by transferring the cultures to an incubator kept at 427C. After this initial heat stress, the cell cultures were transferred back to the 377C incubator. For the second cell culture set growing in 15 N-enriched medium, the temperature was maintained at 377C throughout the experiment (steady-state control experiment). After 6 h following t 0 , the two cell culture sets given the initial heat shock were again transferred to the 427C incubator where they were incubated for the remainder of the experiment. One cell culture from each of the three sets was harvested 3, 6, 9, 24, and 36 h after t 0 . One single cell culture was harvested at t 0 and served as the control for all the other samples in the experiment. The cultures were washed in Ca 21 /Mg 21 -free PBS (Invitrogen, Karlsruhe, Germany) and cells were harvested by incubation with 0.5 mL of 0.05% trypsin/0.53 mM EDTA (Invitrogen). Upon detachment from the dishes, 50 mL of FCS was added to stop the reaction and cells were pelleted by centrifugation. To remove trypsin and FCS, the cells were then washed with 10 mL of PBS and pelleted again to be subsequently snap-frozen in liquid N 2 . Cell morphology was monitored during the course of the experiment. In the heat stress experiment, cell density was somewhat lower in the cultures harvested at the last two time points compared with the control experiment, most likely due to initiating cell death.
2-DE
Each of the cell pellets was resuspended in 500 mL of 25 mM NH 4 HCO 3 buffer supplied with a protease inhibitor cocktail according to the manufacturer (one tablet/50 mL buffer), and cell lysis was performed by subjecting the cell suspensions to five cycles of freezing (liquid N 2 ) and thawing. The protein concentrations of the soluble fraction of the extracts were determined by the Bradford method using BSA as standard. Aliquots containing 150 mg of protein from each sample were prepared for 2-DE by acetone precipitation and resuspension in 450 mL of sample buffer (5 M urea, 2 M thiourea, 4% w/v CHAPS, 0.002% w/v bromophenol blue, 0.5% IPG buffer, 18 mM DTT) each. Non-soluble material was pelleted by a quick centrifugation step. The samples were loaded onto non-linear IPG strips (pH range 4-7, Amersham, Uppsala, Sweden) for 30 min with no voltage applied, and IEF was performed on an IPGphor (Amersham,) using the following program: 30 V for 6 h, 60 V for 6 h, gradient to 500 V for 1 h, gradient to 1000 V for 1 h, gradient to 8000 V for 1 h, and constant 8000 V for 7.5 h. The maximum current was limited to 50 mA/strip, and the temperature was kept at 207C throughout the procedure. Equilibration of the IPG strips was performed in two steps of 30 min each by incubation in equilibration buffer (50 mM Tris/HCl, pH 8.8, 6 M urea, 2% w/v SDS, 30% v/v glycerol, 0.002% w/v bromophenol blue) on a shaking platform. In the first of these two steps, the equilibration buffer was mixed with DTT to 15 mM, and in the second step with iodoacetamide to 55 mM. The second-dimension separation on 12% polyacrylamide gels was performed essentially according to Laemmli [7] , using an Ettan DALTtwelve electrophoresis chamber (Amersham). The cathodic running buffer concentration was double compared to the anodic running buffer to prevent buffer depletion during the electrophoretic separation. The gels were stained with colloidal CBB [8] . After reaching a desired staining intensity, the gels were rinsed in water prior to scanning and image analysis. Protein extracts prepared from both stressed and non-stressed cell cultures not subjected to medium replacement were used for protein identification by PMF and database searching.
Gel image analysis and gel spot excision
The scanned gel images were analyzed using the software Proteomeweaver (Definiens, Munich, Germany). A pairmatch-based normalization function, implemented in the gel image analysis software, was applied to the gel spot intensities. In brief, the algorithm first calculates a normalization factor between all pairs of gels for which protein spots have been matched. Based on the normalization factors, an intensity factor is calculated for each gel with which the measured intensity of each spot on the gel is multiplied for comparisons to spots on other gels. After spot detection and matching of the protein patterns of the different gel images, the x-and y-coordinates for selected protein spots were transferred to a Proteineer SP Spot Picker (Bruker, Bremen, Germany) for excision of protein gel pieces. The gel pieces were deposited in 96-well microtiter plates for in situ proteolytic cleavage.
In situ proteolytic cleavage of proteins
The excised gel pieces were subjected to proteolytic cleavage using trypsin. In brief, the gel pieces were washed twice with 75 mL of 50% ethanol followed by reduction and alkylation with DTT and iodoacetamide, respectively. After washing away residual iodoacetamide from the gel pieces, trypsin was added and proteolytic cleavage was performed at 377C for 4 h in a humidity chamber. The proteolytic cleavage was stopped by acidification by adding 16 mL of 0.5% TFA, 2 mM nOGP.
MS
Prestructured MALDI sample supports (AnchorChip 384/ 600; Bruker Daltonics), prepared with thin layers of the MALDI matrix CHCA were used. The two peptides (Angiotensin I, MH 1 (monoisotopic): 1 296.6848, and ACTH (18-39), MH 1 (monoisotopic) 2 465.193) were included in the MALDI matrix solution as reference masses. Sample preparation was performed according to a previously described method [9] by pipetting 1 mL from each of the tryptic peptide extracts onto the sample spots prepared with CHCA. After drying, the samples were washed by three cycles of pipetting 3 mL of 0.1% TFA, 1 mM nOGP onto each sample spot followed by aspiration of the washing solution after 3 s. Sample preparation and washing of the samples were performed using a TECAN Temo-96 pipetting robot (TECAN, Munich, Germany). After washing, the samples were re-crystallized by applying 0.5 mL of 70% ACN, 20% methanol, and 0.01% TFA to each of the sample spots. All mass spectrometric analyses were performed on a MALDI-TOF/TOF instrument (Ultraflex LIFT; Bruker Daltonics) equipped with Panorama ™ pulsed ion extraction technology and operated in positive ion mode. Recorded mass spectra were the sums of 1500 single-shot spectra.
Data processing
The spectra were calibrated as described previously [10] . Protein identification by PMF was performed using the MASCOT software (Matrix Science, London, UK) [11] to search the NCBI non-redundant protein sequence database. Proteins that obtained MOWSE scores over 66 (p ,0.05) were considered identified.
Using software developed in-house, the calibrated mass spectra were reduced to isotopic stick spectra, containing one mass/intensity value pair per each mass unit interval. For each 14 N-peptide signal matching an identified protein, the signal cluster representing its partially 15 N-incorporated counterpart was located by matching features in the stick spectrum to theoretical isotopic signal distributions, pre-calculated in 100 Da steps based on averaged isotopic compositions for tryptic peptides, using least-square fitting. The intensities of the 14 N-and 15 N-peptide signals were calculated as the sum of the intensities of their isotopic signals. Correction for chemical noise was performed by subtracting the average intensity of the isotopic background noise in the spectra, calculated for the local region around each peak pair. Ongoing work includes development of software for automation of large-scale data processing. N (99.6%), were at a time point, t 0 , subjected to a replacement of the growth medium to one highly enriched in the stable isotope 15 N (.98%). Concomitantly with this change, one set of cell cultures was subjected to a heat stress regime, as shown in the upper part of the figure, whereas another set was maintained at 377C. Cell cultures from both sets were harvested 3, 6, 9, 24, and 36 h after t 0 , and protein extracts prepared thereof. The contained proteins were isolated by 2-DE and, following tryptic digestion, analyzed by MALDI-TOF MS. In the mass spectra corresponding to cells harvested at later time points, each peptide is represented by two isotopic signal distributions: one with lower m/z values, corresponding to the peptide containing mostly 14 N (natural N isotopic distribution), and one with higher m/z values, corresponding to the same peptide enriched in 15 N. From their relative signal intensities, the portion of the protein synthesized after t 0 can be calculated. By comparing the results for the different cell cultures, changes in protein concentration caused by the heat stress can be measured.
Results
Experiment design
Our analytical strategy is outlined in Fig. 1 . At a certain time point, t 0 , individual HeLa cell cultures were subjected to a growth medium replacement to a medium highly enriched in the stable isotope 15 N (.98%). Concomitantly with the replacement, the cells were subjected to a heat stress regime. At selected time points (3, 6, 9, 24, and 36 h) after t 0 , the cells were harvested and their soluble proteins extracted. These were separated by 2-DE. Isolated proteins were digested with trypsin, and the resulting peptide mixtures analyzed by MALDI-TOF MS. For each protein analyzed, the portions synthesized before and after t 0 are represented by two sets of signals for each of its tryptic peptides (Fig. 2) . From left to right, the first set represents synthesis before t 0 and its intensity distribution in first order reflects the number of carbon atoms contained by the corresponding peptide (natural abundance of 13 C and 14 N). The second set represents synthesis after t 0 and its intensity distribution reflects both the number of carbon (natural abundance) and nitrogen atoms (remaining abundance of 14 N after growth medium replacement) contained by the corresponding peptide. The fraction, q, of a protein that was synthesized after the medium replacement is given by: where I( 15 N) is the sum of the signal intensities of the 15 N-enriched peptide in the mass spectra and I( 14 N) is the sum of the signal intensities of its 14 N-enriched counterpart. The value of q for a protein at any given time point, t, thus depends on the amount of the protein both synthesized and removed since t 0 . By comparing values of q obtained for a protein from heat stressed cell cultures with values for q obtained for the same protein from parallel cell cultures not subjected to the heat stress, alterations in the protein synthesis and removal rates as a result of the heat stress can be detected.
Determination of protein half-life at steady state
The incorporation of 15 N into proteins in unperturbed cell cultures over the time course of the experiment is illustrated in Fig. 3 for the heat shock protein (Hsp) Hsp70. At the chosen growth conditions, steady state prevails for most protein concentrations, under which their synthesis and degradation are balanced. This is indicated by the largely unchanged spot densities for Hsp70 isolated from cell cultures harvested at N-enriched populations of the same peptide, as indicated by the shadowed areas, was used for determination of the relative abundance of Hsp70 expressed before and after the medium replacement. The q value of 0.64, calculated according to Eq. 1, indicates that 64% of the protein has been synthesized after the medium replacement.
the indicated time points. Although the overall protein amount in the cell culture increases as an effect of cell proliferation, and thus the rate of synthesis clearly exceeds the rate of degradation, the concentration of a specific protein in a single cell is indeed maintained constant. The figure also shows the corresponding isotopic signals of the tryptic peptide DAGQISGLNVLR from the peptide mass fingerprints of Hsp70. The q values are shown for each time point, and indicate an increase in the relative abundance of 15 N-enriched Hsp70 from 0 to 64% over the time course of the experiment.
The q values for Hsp70 are plotted versus time in the graph in Fig. 4a . Under these steady-state conditions, the first-order rate constant, k, can be calculated according to:
In Fig. 4b , values for k calculated for different Hsp70 tryptic peptides are plotted versus time. As can be seen, k values calculated for early sampling time points display a higher degree of scattering compared to later time points. This is attributed to low S/N ratios of the 15 N signals for the early time points. Therefore, throughout this report we have exclusively used t 36 for determination of k. For Hsp70, k was determined as 0.0295 h 21 (60.0011 h 21 ). The time point where 50% incorporation of 15 N was reached (q = 0.5) equals the protein's half-life, t, and is obtained by:
Accordingly, the half-life for Hsp70 was determined as 23.5 h (60.83 h). The half-lives for 11 proteins determined using this method are listed in Table 1 .
Detection of changes in protein synthesis and degradation rates in response to heat stress
As expected, the heat stress led to significant changes in the abundance of many proteins, as was evident from the 2-DE protein spot patterns (data not shown). Not surprisingly, a number of Hsps were identified among the proteins that increased in concentration. For Hsp27, a more than five-fold increase in the total concentration, as determined by the spot densities (Fig. 5, right panel) , was accompanied by significantly higher q values during the heat stress treatment (left panel). This indicates that under these conditions the increased abundance of Hsp27 is mainly due to an increased synthesis rate. N-enriched portions to the total amount, respectively. For Hsp27, the increase in concentration was mainly due to up-regulation of its synthesis (red part of the bars). For actin, the observed decrease was predominantly caused by down-regulation of its synthesis (red part of the bars). Note that although the overall Hsp70 concentration increases in response to the heat stress as judged by the increased gel spot densities (right panel), the corresponding q values (left panel) indicate a down-regulation of its synthesis during the applied stress. N-enriched portion of the tryptic peptide SLYASSPGGVYATR (amino acid 51-64) of vimentin extracted from cells subjected to heat stress for 36 h. The majority (62%) of the vimentin molecules were synthesized before medium replacement, although the protein was first detected 24 h after this change.
While the described method does not necessarily rely on 2-DE for protein separation, the choice of separation technique affects the results with regard to what information is made available for different forms of the same protein. Because differently modified forms of a protein often appear as separate spots on a 2-DE gel [15] , it follows that a change in spot density during the time course of an experiment does not necessarily reflect an altered synthesis or degradation rate, but may well be the result of a protein modification. These scenarios can be distinguished by the presented method, as was demonstrated for vimentin, which appeared as a new spot in the 2-DE gels only after prolonged heat stress, while its determined q value indicated that the major part of the protein had in fact been synthesized prior to the heat stress treatment. In addition to the vimentin gel spot indicated in Fig. 6 , we also identified vimentin from another gel spot, whose density decreased after prolonged heat stress, concomitantly with the previously described spot density increase. By comparing the MALDI-TOF peptide maps of these two forms of vimentin, we identified four signals present only in the form that increased in concentration upon heat stress (data not shown). The corresponding peptides were all mapped to the N-terminal head region of vimentin, in which Asp85 is reported as a caspase cleavage site [16] . Caspase-9 cleavage of vimentin is reported to be an early event in the apoptotic pathway mediated by release of cytochrome-c from mitochondria, and is believed to promote the dismantling of intracellular structures.
Heat stress was chosen as a systemic perturbation to illustrate the potential of the presented method to differentiate among processes that influence changes in protein concentrations. Naturally, any perturbation that can be temporally linked to the replacement of growth medium can be assessed for its effect on a proteome using our method. In addition to analyzing perturbation-induced changes in proteomes of one specific cell line, the proteomes of different cell lines can be compared with respect to protein concentration changes, which arise from different synthesis and degradation rates, as well as from post-translational processing.
